RNA helicase A (RHA) promotes multiple steps of HIV-1 RNA metabolism during viral replication, including transcription, translation, and the annealing of primer tRNA 3 Lys to the viral RNA. RHA is a member of the DExH subclass of RNA helicases that uniquely contains two double-stranded RNA binding domains (dsRBDs) at its N terminus. Here, we performed a genome-wide analysis of the interaction of RHA with HIV-1 RNA both in vitro, using fluorescence polarization, and during viral replication, using an RNA-protein coprecipitation assay. In vitro, RHA binds to all the isolated regions of the HIV-1 RNA genome tested, with K d (equilibrium dissociation constant) values ranging from 44 to 178 nM. In contrast, during viral replication, RNA-protein coprecipitation assays detected only a major interaction of RHA with the 5=-untranslated region (5=-UTR) and a minor interaction with the Rev response element (RRE) of HIV-1 RNA. Since RHA does not associate well with all the highly structured regions of HIV-1 RNA tested in vivo, the results suggest that other viral or cellular factors not present in vitro may modulate the direct interaction of RHA with HIV-1 RNA during virus replication. Nevertheless, a role for duplex RNA as a target for RHA binding in vivo is suggested by the fact that the deletion of either one or both dsRBDs eliminates the in vivo interaction of RHA with HIV-1 RNA. Furthermore, these mutant RHAs do not promote the in vivo annealing of tRNA 3
R
NA helicases are ubiquitous in nature and have been shown to be involved in all aspects of RNA metabolism. They are classified into five different superfamilies, of which superfamily 2 (SF2) is the largest (7) . RNA helicase A (RHA), also known as DHX9, is an SF2 DExH box protein that can unwind both doublestranded RNA (dsRNA) and double-stranded DNA (dsDNA) by utilizing any of the four ribo-or deoxyribonucleotide triphosphates (31, 57) . RHA contains 7 domains (depicted in Fig. 3A) . The core helicase domain is located at the center and is composed of two subdomains, the DExH subdomain (named after a signature amino acid sequence in RNA helicases, which is DEIH in RHA) and the HELICc subdomain (35) . The core helicase domain can bind and hydrolyze nucleotide triphosphates (NTPs) and is composed of 8 motifs that are conserved in all members of the DExD/H box helicases (14) . The residues N terminal to the core helicase domain contain two dsRNA binding domains (dsRBDs). The C terminus of RHA is characterized by a stretch of repeated arginine and glycine-glycine (RGG) residues that have a higher binding affinity for single-stranded RNA (ssRNA) than for dsRNA (10, 45, 57) . Between the core helicase and the RGG domains are the helicase-associated domain (HA2) and the oligonucleotide/ oligosaccharide binding (OB-fold) that was defined by its homology with the Saccharomyces cerevisiae protein Prp43p (51) .
RHA was reported to participate in a diverse set of cellular processes involving RNA, including the activation of transcription (1, 2, 18 32, 37, 50) and stimulating translation (22) , and was found to be associated with the Rev-Rev response element (RRE) complex (36) , the nuclear pore complex (19) , and the RNA-induced silencing complex (RISC) involved in the RNA interference (RNAi) pathway (47) . RHA can also act as a sensor for pathogenic dsRNA in myeloid dendritic cells and, through its interaction with IPS-1, activates the pathway leading to the production of alpha/ beta interferon (IFN-␣/␤) and proinflammatory cytokines (58) . The stimulatory effect of RHA on translation might involve direct binding to the highly structured 5=-untranslated region (5=-UTR) in retrovirus mRNA, with a possible unwinding of this region to facilitate ribosomal scanning (22) . However, for other target cellular mRNAs, RHA's stimulatory effect on translation appears to result from RHA's recruitment to the translational machinery via its interaction with other mRNA binding proteins such as Lin28 (26) or an La ribonucleoprotein domain family member, LARP6 (34) . These examples make it clear that the roles of RHA in regulating multiple stages of RNA metabolism are likely to be regulated by its interaction with specific proteins and/or RNA structures.
RHA has been found to participate widely in the replication of viruses such as hepatitis C virus (HCV) (23, 24) , foot-and-mouth disease virus (30) , influenza A virus (33), spleen necrosis virus (SNV), reticuloendotheliosis virus A (REV-A), and human T-cell leukemia virus type 1 (HTLV-1) etc. (9) . In particular, RHA is involved in HIV-1 replication at multiple steps, including the transcription (17), nuclear export (32) , and translation (8) of viral mRNA, and is packaged into HIV-1 virions (48) . RHA was also shown to play a role in promoting the annealing of tRNA 3 Lys , the primer for reverse transcription in HIV-1, to viral RNA (56) . In this report, we used fluorescence polarization (FP) and an RNAprotein coprecipitation assay (5) to carry out a genome-wide analysis of RHA binding to HIV-1 RNA in vitro and in vivo, respectively. This study demonstrates that while RHA binds to many regions of the HIV-1 RNA genome in vitro, RHA interacts primarily with the 5=-UTR in vivo, with a more weak interaction detected with the RRE region. The results also demonstrate the importance of the dsRBDs for the binding of RHA to viral RNA in vivo and, in particular, for promoting both RHA packaging into virions and tRNA 3 Lys annealing to the viral RNA.
MATERIALS AND METHODS
Cell culture. 293T, a human embryonic kidney cell line, was cultured in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with L-glutamine (Gibco), penicillin-streptomycin (Gibco), and 10% fetal bovine serum. 293E cells are a stably transfected 293 cell line that produces Epstein-Barr virus nuclear antigen 1 (EBNA1) (12) . The cells were adapted to grow in suspension in defined medium, without serum, and EBNA1 promotes the amplification of plasmids containing the replication origin region (OriP) of Epstein-Barr virus, which results in high expression levels of proteins coded for by these plasmids. Plasmids. Recombinant plasmids were generated by PCR. The gelpurified PCR products were digested with NotI and BstEII and then cloned into plasmid pTT5-SH5-RHA (56) . Plasmid pTT5-SH5-RHA contains the full-length human RHA coding sequence under the control of a cytomegalovirus (CMV) promoter and was also used as a parent template for PCRs. All recombinant plasmids were verified by performing restriction mapping and DNA sequencing. Recombinant plasmid pRHA ⌬aa1-100 or pRHA ⌬dsRBD1-2 was generated by PCR using primer pair RHA-F8(301)/RHA(BstEII)1026-R or RHA-F2(901)/RHA(BstEII) 1026-R, respectively. pRHA ⌬aa134-250 was constructed by fusing the PCR product of primer pair RHA-F1 (4)/RHA-d2-R(399) to the PCR product of primer pair RHA-d2-F(751)/RHA(BstEII)1026-R. The primer pairs used for PCR are listed in Table 1 .
Expression and purification of proteins. N-terminally 6ϫHis-tagged full-length RHA (referred to as the wild type in this study) was expressed and purified from 293E cells, as described previously (56) . Glutathione S-transferase (GST) was expressed in 293E cells and purified by using high-performance glutathione-Sepharose (GE Healthcare). The protein was eluted with 33 mM reduced glutathione (Fisher Scientific) in elution buffer containing 50 mM Tris-HCl (pH 8.0) and 10% glycerol. Purified RHA and GST were dialyzed against a solution containing 20 mM TrisHCl (pH 7.5), 150 mM NaCl, 20 mM KCl, 2 mM MgCl 2 , 2 mM dithiothreitol, and 10% glycerol and then stored at Ϫ80°C.
RNA substrates. The HIV-1 genomic RNA fragments were synthesized by in vitro transcription using T7 RNA polymerase (T7 MEGAscript kit; Ambion), as described previously in detail (56) . The DNA templates for the in vitro transcription of HIV-1 RNAs were amplified by PCR from a vector containing the sequences for HIV-1 BH10 using primer sets listed in Table 2 . RNA was refolded by first heating the RNA to 85°C and then allowing the RNA to slowly cool to room temperature.
RNA labeling by FTSC. The 3= terminus of the RNA was labeled with fluorescein-5-thiosemicarbazide (FTSC), as described previously (11), with minor modifications. The RNA was incubated in a volume of 200 l containing 2.5 mM and 100 mM sodium acetate (NaOAc) (pH 5.0) for 1 h on ice and then precipitated with 1 volume of 2-propanol, washed with 70% ethanol, dissolved in 200 l of 100 mM NaOAc (pH 5.0) and 0.5 mM FTSC, and incubated on ice overnight. The FTSC-labeled RNA was precipitated in ethanol, redissolved in 25 mM Tris-HCl (pH 7.5), further purified by using Microspin G-25 columns (GE Healthcare), and then stored at Ϫ20°C. RNA labeling with 32 pCp and native polyacrylamide gel electrophoresis. Radioactive RNAs were prepared by labeling with [5=-32 P]Cytidine 3=,5=-bis(phosphate) ( 32 pCp) using T4 RNA ligase (Fermentas), further purified by using Microspin G-25 columns (GE Healthcare), and then separated in a native 6% polyacrylamide gel. Radioactive RNA bands were visualized by using a PhosphorImager instrument.
FP assay. Twenty-microliter reaction mixtures containing 10 nM FTSC-labeled RNA and the indicated amounts of RHA or GST protein in binding buffer (10 mM Tris-HCl [pH 8.0], 50 mM KCl, 2 mM MgCl 2 , 2 mM dithiothreitol, 2.5 mM NaH 2 PO 4 , 15 mM NaCl, 4% glycerol) were transferred into 96-well black PS HE microplates (Molecular Devices). Fluorescence polarization (FP) assays were performed in quadruplicate by using a Synergy 4 multimode microplate reader (BioTek) to measure the polarization change. The equilibrium dissociation constant (K d ) was obtained by fitting the binding curves using KaleidaGraph, as previously described (29) .
Western blot analysis. Total viral or cell lysates were prepared and then separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, blotted onto a nitrocellulose membrane, and probed with appropriate antibodies. After extensive washing, horseradish peroxidaseconjugated secondary antibodies (Sigma) were applied, and the membrane was washed again, developed with a chemiluminescence reagent (Perkin-Elmer), and visualized on Kodak X-ray film. The primary antibodies used for Western blotting included rabbit anti-HIV reverse transcriptase antibody, mouse anti-CAp24 antibody (NIH AIDS Research and Reference Reagent Program), ␤-actin monoclonal antibody (MAb) (Sigma), RHA MAb (M01; Abnova Inc.), and polyhistidine MAb (Sigma).
RNA-protein coprecipitation assays. The RNA-protein coprecipitation assay was developed to pull down RNA-protein complexes and was performed as previously described (5), except that the RNA-protein complex containing 6ϫHis-tagged RHA was pulled down by using Ni-nitrilotriacetic acid (NTA) agarose instead of antibody. Briefly, 293T cells were cotransfected with a BH10 vector and a plasmid expressing 6ϫHis-tagged wild-type or mutant RHA. Twenty-four hours later, cells were fixed in 1% (wt/vol) formaldehyde (Bioshop) for 10 min at 37°C, followed by two washes with ice-cold phosphate-buffered saline. Cells were lysed in 2 ml of lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM KCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 50 mM NaF, 1,000 U/ml SUPERase-in [Ambion], and protease inhibitor cocktail tablets [Roche]) for 10 min on ice before extensive sonicaion. After extract clearing by centrifugation, supernatants were recovered in a clean microcentrifuge tube for use in RNA-protein coprecipitation experiments. Input RNA (2%) was stored at Ϫ80°C until the samples were eluted. Salmon sperm DNA-and mammalian RNA-saturated Ni-NTA agarose was added to each sample, and the samples were incubated for 2 h at 4°C with rotation to capture RHA. Samples were then centrifuged, and Ni-NTA agarose was washed with cold wash buffer (50 mM Tris-HCl [pH 7.5], 150 mM KCl, 1% NP-40, 0.25% sodium deoxycholate). Recombinant proteins were eluted in 250 mM imidazole solution (pH 7.4) diluted with 2ϫ dilution buffer (100 mM Tris-HCl, pH.5, 10 mM EDTA, 20 mM dithiothreitol, 2% SDS, 2,000 U/ml SUPERase-in), incubated at 70°C for 5 h, and then extracted with TRIzol reagent to isolate RNA. After DNase treatment, the RNA sample was subjected to reverse transcription (RT)-PCR analysis. Purified inputs were used as a control.
RT-PCR. RT was carried out by using the Superscript II kit (Invitrogen), according to the manufacturer's protocol. RNA was prepared by using TRIzol (Invitrogen), treated with DNase I (Ambion), and then reverse transcribed by using primers specific for HIV-1 transcripts. PCR was then performed by using Taq DNA polymerase (Bio Basic Canada Inc.). The amplification was started with an initial denaturation step at 94°C for 5 min followed by 25 cycles at 94°C for 30 s, 52°C for 30 s, and 72°C for 20 s. The final extension step was done at 72°C for 5 min. The PCR products were analyzed in a 1.5% agarose gel containing ethidium bromide. The primers used for RT and PCR are listed in Table 3 .
Primer extension. The tRNA 3 Lys -viral RNA template was extracted from purified HIV-1 particles. The extension ability of tRNA 3 Lys annealed in vivo to viral RNA was measured as described previously (20) . Reactions were carried out with a volume of 20 l containing 50 mM Tris-HCl (pH 7.8), 100 mM KCl, 10 mM MgCl 2 , 10 mM dithiothreitol, 0.16 M [␣-32 P]dCTP, 50 ng of HIV-1 reverse transcriptase, and an RNase inhibitor (Ambion). After incubation for 15 min at 37°C, the samples were precipitated with 2-propanol and were separated on a denaturing 6% polyacrylamide gel. The relative amounts of extended tRNA 3 Lys were determined by using a PhosphorImager instrument. The relative amounts of viral RNA in the reaction mixtures were also determined by measuring the ability of a DNA oligonucleotide (5=-TCTAATTCTCCCCCGCTTAATACTGACG CT-3=) annealed at room temperature to the viral RNA to prime a 1-base dCTP extension.
Knockdown of endogenous RHA with siRNA. Endogenous RHA in 293T cells was knocked down by using small interfering RNA (siRNA) oligonucleotides, as described previously (56) . Levels of endogenous RHA were measured by Western blotting using anti-RHA antibodies. The same membranes were probed with ␤-actin MAb (Sigma), to measure levels of ␤-actin as an internal control.
Statistical analysis. The Student t test was employed in statistical analyses. The lowest level of significance was set at a P value of Ͻ0.05.
RESULTS
Binding of RHA to different regions within the HIV-1 genomic RNA in vitro. We first examined in vitro RHA binding to RNA fragments representing different regions within the BH10 HIV-1 genome. These regions included the trans-activation response el- 
ement (TAR)-poly(A), the primer binding site (PBS) stem-loop, the leader, the GagPol frameshift site, and the Rev response element (RRE) as well as regions coding for reverse transcriptase, Vpr, and gp120. These RNAs were synthesized by in vitro transcription, and as shown in Fig. 1A , one-dimensional (1D) PAGE of 32 pCp-labeled RNAs separated in native 6% polyacrylamide gels indicated the presence of one species. In order to obtain quantitative binding data, fluorescence polarization (FP) was used to measure the interaction between viral RNA end labeled with FTSC and increasing amounts of full-length RHA protein that was purified from 293E cells (56) . The efficiency of RNA labeling by FTSC was examined by measuring the fluorescence emission of 10 nM FTSC-labeled RNA at a wavelength of 528 nm. As shown in Fig. 1B , all the RNAs tested were labeled by FTSC at similar levels. The equilibrium dissociation constant (K d ) for the RHA-viral RNA interaction was then determined from the FP data, as previously described (29) . Glutathione S-transferase (GST), also isolated from 293E cells, was used as a non-RNA binding negative control. The conditions for equilibrium binding were determined by varying the incubation temperatures and times, and since equilibrium was reached for all RNA fragments tested at room temperature within 5 min, all reactions were run at room temperature for 15 min. In contrast with the lack of GST binding to RNA, RHA bound to all HIV-1 RNA regions tested (Fig. 1C) , with K d values ranging from 44 nM to 178 nM.
Binding of RHA to HIV-1 RNA during viral replication. In order to identify sites in the HIV-1 RNA bound by RHA during viral replication, an RNA-protein coprecipitation assay was used (5). 293T cells were cotransfected with a BH10 vector containing full-length BH10 HIV-1 proviral DNA and a plasmid expressing His-tagged RHA. As a negative control, 293T cells were also cotransfected with a BH10 vector and a plasmid expressing only the 6ϫHis tag. At 24 h posttransfection, cells were exposed to formaldehyde cross-linking, lysed, and sonicated. His-tagged RHA was precipitated from the cell lysate by using Ni-NTA agarose. Western blot analysis verified that His-tagged RHA was expressed in cells ( Fig. 2A) and precipitated (Fig. 2B) . Total RNA (as the input) and RNA isolated from the precipitates were harvested and analyzed by RT-PCR with primers specific for different regions of the HIV-1 RNA (Fig. 2C) . All RNA-protein coprecipitation results are presented relative to input values. The HIV-1 transcripts were detected by RT-PCR from total RNA preparations. RT-PCR detected the HIV-1 transcripts containing sequence of the 5=-UTR (primer pairs P1-F/R and P2-F/R) or RRE (primer pair P13-F/R) in RHA-coprecipitated RNA but not in His-tagcoprecipitated RNA. No amplification products were detected in reaction mixtures that lacked reverse transcriptase (ϪRT). The results demonstrate that RHA binds to specific regions of the HIV-1 RNA during viral replication, with the 5=-UTR of HIV-1 RNA being the major target for RHA.
Role of the dsRBDs in RHA binding to HIV-1 RNA during viral replication. RHA is characterized by two dsRBDs at the N terminus. We evaluated the role of the dsRBDs in the binding of RHA to HIV-1 RNA during viral replication by performing RNA-protein coprecipitation experiments, in which 293T cells were cotransfected with a BH10 vector containing full-length BH10 HIV-1 proviral DNA and a plasmid, either pRHA ⌬aa1-100 , pRHA ⌬aa134-250 , or pRHA ⌬dsRBD1-2 , which codes for an N-terminally His-tagged mutant RHA protein lacking dsRBD1, dsRBD2, or both dsRBD1 and dsRBD2, respectively (Fig. 3A) . Western blotting verified that these mutant RHAs were expressed in cells (Fig. 3B ) and were precipitated (Fig. 3C) . RNA was then isolated and analyzed by RT-PCR. As shown in Fig. 3D , RT-PCR detected HIV-1 transcripts in total RNA (input) and in wild-type RHAcoprecipitated RNA, using primer sets P1-F/R and P13-F/R, which are specific for the HIV-1 5=-UTR and RRE regions, respectively. However, no HIV-1 transcripts were detected in the precipitates of mutant RHAs. These results demonstrate that both dsRBDs are essential for the binding of RHA to HIV-1 RNA during viral replication.
The dsRBDs are required for RHA to promote tRNA 3 Lys annealing to viral RNA. RHA is packaged into HIV-1 particles (48) and also promotes the annealing of tRNA 3 Lys to viral RNA (56). Because dsRBDs are necessary for the binding of RHA to HIV-1 RNA in vivo, we investigated whether the deletion of either or both dsRBDs could affect these two processes. 293T cells were first transfected with siRNA RHA to knock down endogenous RHA and were then cotransfected 16 h later with a BH10 vector coding for BH10 of HIV-1 and a plasmid coding for His-tagged wild-type RHA or His-tagged mutant RHA lacking either one or both dsRBDs. siRNA RHA does not reduce the expression level of exogenous wild-type or mutant RHA, since the mRNAs lack the siRNA RHA target sequences (56) . Forty-eight hours later, the viral particles were purified, and cell lysates were prepared. Western blot analysis of cell lysates probed with an anti-6ϫHis tag antibody verified the expression of exogenous wild-type or mutant RHA in the presence of siRNA RHA (Fig. 4A ), but only wild-type exogenous RHA was packaged into virus particles (Fig. 4B) . Thus, mutant RHAs lacking either one or both dsRBDs were not detectable in the virus, indicating that both dsRBDs are necessary for the packaging of RHA into viral particles.
The amount of tRNA 3 Lys annealed to viral RNA can be examined by a 1-nucleotide (nt) extension assay of tRNA 3 Lys by reverse transcriptase. Deproteinized total viral RNA was used as the source of primer tRNA 3 Lys annealed in vivo to viral genomic RNA, and the incorporation of the first deoxynucleoside triphosphate (dNTP), [ 32 P]dCTP, was measured (56) . Using this assay, it was shown that the knockdown of endogenous RHA by siRNA RHA reduces the annealing of tRNA 3 Lys to viral RNA by approximately 50% and that this defect in tRNA 3 Lys annealing was rescued by the expression of exogenous RHA whose mRNA product lacks siRNA RHA target sequences (56) . Since the mRNAs encoding the mutant RHA lacking either one or both dsRBDs in this report also lack siRNA RHA target sequences, we performed the 1-nt extension assay to examine the ability of these mutant RHAs to rescue reduced tRNA 3 Lys annealing by siRNA RHA . Equal amounts of viral genomic RNA used in these reaction mixtures were first quantitated by dot blot hybridization, and this quantitation was further checked by annealing a DNA primer complementary to viral RNA sequences downstream of the primer binding site (PBS) and extending it by 1 nt (Fig. 4C, control) . The 1D PAGE data shown in Fig. 4C were quantitated by using a PhosphorImager instrument, and the results are shown graphically in Fig. 4D . tRNA 3 Lys priming was not decreased by siRNA RHA in the presence of exogenous wild-type RHA (Fig. 4C, lane 3) , but mutant RHAs lacking either one or both dsRBDs were not able to replace reduced endogenous RHA and promote annealing. Thus, these results indicate that dsRBDs are necessary for RHA to promote the annealing of tRNA 3 Lys to viral RNA.
DISCUSSION
RHA has been found to be involved in multiple steps of HIV-1 replication, and in this report, we have examined how RHA interacts with HIV-1 RNA. Initially, we examined the ability of RHA to bind to isolated RNA fragments rather than these same sequences within the context of the entire HIV-1 RNA genome. The lengths of these fragments were somewhat heterogeneous, since we tried to include the stem-loop structures for each region previously predicted by SHAPE analysis (53) . We found that RHA can bind all the isolated HIV-1 RNA fragments, with K d values ranging from 40 to 178 nM (Fig. 1) . However, RNA-protein coprecipitation analyses indicated that during viral replication in the cell, RHA could be detected only in association with two viral RNA regions, i.e., primarily with the 5=-UTR and, to a much lesser extent, the RRE (Fig. 2 ). While associations with other regions may have been below our level of detection, these results indicate that RHA binds to very specific regions in vivo.
Various roles for RHA in regulating the functions facilitated by sequences within the 5=-UTR of HIV-1 have been reported. For example, RHA was found to be associated with the TAR stem-loop in HIV-1 RNA, and the overexpression of RHA results in an increase in HIV mRNA accumulation (17) . RHA was also reported previously to play a role in promoting the annealing of tRNA 3 Lys to PBS (56) . A better translational efficiency of retroviral mRNA is achieved by RHA binding to R/U5 sequences within the 5=-UTR, perhaps resulting in the unwinding of this structurally complex region to facilitate ribosomal scanning (22) .
Similarly, the interaction of RHA with the RRE region in HIV-1 RNA was also implicated in playing a role in the HIV-1 life cycle. Rev binds to the RRE, and Rev function involves the export of unspliced and partially spliced mRNA out of the nucleus (43) . It was reported previously that the overexpression of RHA resulted in an increased ratio of unspliced and partially spliced to fully spliced HIV-1 RNAs (32). Furthermore, RHA was identified in the spliceosome (46) , suggesting that RHA may facilitate the release of unspliced and partially spliced RNAs from the spliceosome.
Comparisons of RHA binding to HIV-1 RNA in vitro and in vivo suggest the presence of factors in the cell that can modulate RHA binding that are not present in the in vitro binding experiments. Nevertheless, duplex regions in the RNA still appear to be a major binding target for RHA. Thus, when the dsRBDs are deleted, RHA binding to viral RNA in vivo is inhibited (Fig. 3) , favoring the hypothesis that the dsRBDs are the main domains that mediate the binding of RHA to substrate RNA and that the main target for RHA binding would be a duplex RNA region. The importance of dsRBDs for the interaction of RHA with RNA is suggested by the fact that dsRBDs are critical for RHA to promote the translational efficiency of HIV-1 mRNA (45) , and, in contrast to wild-type RHA, mutant RHAs lacking either one or both dsRBDs are unable to be packaged into virus particles or to promote the annealing of tRNA 3 Lys to viral RNA (Fig. 4) . Lys annealing to HIV-1 RNA by RHA. 293T cells were first transfected with siRNA Con or siRNA RHA and were then cotransfected 16 h later with a BH10 vector coding for HIV-1 BH10 and a plasmid expressing either the 6ϫHis tag or His-tagged wild-type or mutant RHA lacking either one or both dsRBDs. (A) Western blots of cell lysates probed with antibodies to RHA, the 6ϫHis tag, or ␤-actin. While the anti-RHA MAb efficiently recognized both wild-type RHA and mutant RHA missing dsRBD1, it was not able to efficiently detect RHA missing dsRBD2 or both dsRBD1 and dsRBD2. (B) Western blots of viral lysates, containing equal amounts of CAp24, probed with antibodies to RHA, the 6ϫHis tag, CAp24, or RTp66/p51. (C) One-nucleotide extension assay (ϩ1-nt extension) to measure tRNA 3 Lys -primed initiation of reverse transcription. Total viral RNA was isolated, and tRNA 3 Lys annealed to viral RNA was extended by 1 nt by using reverse transcriptase ([ 32 P]dCTP). The extended tRNA 3 Lys products were resolved by 1D PAGE and detected by using a PhosphorImager instrument. The control gel represents the ϩ1-nt extension of a DNA primer annealed to viral RNA downstream of PBS and was used to show that equal amounts of viral RNA were used in each extension reaction mixture. (D) The values of the ϩ1-nt-extended tRNA 3 Lys products, quantitated by using a PhosphorImager instrument, are presented graphically. Shown are values representative of 3 independent experiments.
The mode of interaction of the dsRBD with dsRNA has been elucidated through analyses of the crystal structure of a complex that comprises a short synthetic 10-bp RNA duplex and a dsRBD of X1rbpa (49) or the entire RNase III (6) or through nuclear magnetic resonance (NMR) analyses of a complex between the RNA stem-loop and the dsRBD of Staufen (44) or Rnt1 (52, 55) . In all these cases, the dsRBD adopts an ␣-␤-␤-␤-␣ topology and binds to dsRNA through interactions with the phosphodiester backbone and 2=-OH groups (49) , suggesting that the binding of dsRBDs to RNA in vitro lacks apparent sequence specificity (16) . This further supports the idea that other viral or cellular factors may modulate the specific binding of RHA to the substrate duplex RNA in vivo.
It is not clear why the 5=-UTR binds much more strongly to RHA in vivo than does the RRE, since both the 5=-UTR (4, 13, 15, 21, 27, (38) (39) (40) 54 ) and the RRE (3, 25, 28, 41, 42, 53) have been shown to have a high content of double-stranded RNA regions by using several different methods to determine their structures. We have also shown that these two regions have similar binding affinities for RHA in vitro (Fig. 1 ). Whether this difference in binding reflects an altered duplex content of cytoplasmic viral RNA in vivo or a change in the RHA structure that alters its ability to bind to these RNA regions, the results imply the presence of other viral or cellular factors that promote such changes in the RNA or RHA structure. An example of RHA binding being directed through its interaction with other proteins in mammalian cells is the interaction between RHA and the stem cell protein Lin28. Lin28 recognizes specific sequences in a subset of mRNAs, and its direct interaction with RHA is believed to result in the recruitment of RHA to the translational machinery, resulting in the stimulation of translation (26) . A similar phenomenon was observed for LARP6, a member of the La ribonucleoprotein domain family, where LARP6 was shown to bind to both specific sequences in the 5=-UTR of collagen mRNA and to RHA, thereby directing RHA to this site (34) . Directed RHA binding may also occur when RHA binds to the transcription factors CREB binding protein (CBP) and RNA polymerase II (2) .
